cal tension during ventricular contraction permitted the resolution of the paradox by demonstrating that oxygen uptake correlated highly with the calculated maximal tension in the ventricular wall, whether the change in load was due to pressure or volume, or both. 4 In a wall of a spheroid chamber like the ventricle, tension, a stretching force with dimensions of dynes/cm, can be estimated to be equal at any instant to one-half the product of the intraventricular radius (cm) and pressure (dynes/cm-). It may be assumed that the bolus of blood in the left ventricle is compressed into a sphere at the onset of systole. If this bolus is approximately equal to the stroke output, the ventricular internal radius will be proportional to the cube root of the output. During isometric contraction the radius remains unchanged while tension increases di- rectly with intraventricular pressure. With ejection, the radius decreases linearly while the rate of pressure begins to level off. As a result, tension becomes maximal early in systole as the arterial pressure rises to its mean value. We therefore estimated the maximum tension for each beat to be one-half the product of the radius of the stroke volume treated as a sphere, and the mean arterial pressure. The validity of these assumptions is discussed in the earlier report. 4 Our previous study examined data in which heart rates were relatively constant. Because it appeared important to assess the effect of wider ranges of heart rate, as well as of pressure, stroke output, and heart weight, data obtained during an earlier set of experiments 5 were restudied. These data, collected independently in another laboratory with different techniques and preparations, provide a legitimate basis for the comparison of the merits of the tension concept and of competing hypotheses.
Nomenclature and Ranges

Methods
Under pentobarbital anesthesia (30 mg/kg), the atrioventricular node was crushed and the ventricular rate was controlled by electrodes on the right ventricle in nine thoracotomized dogs/' Recordings on a direct-writing oscillograph were made of the systemic arterial pressure measured with a strain gauge, aortic blood flow (cardiac output minus coronary flow) using an electroturbinometer, and left main coronary artery flow using a Shipley-Wilson rotameter. Blood samples taken from a femoral artery and from the coronary sinus were analyzed for oxygen content by the method of Van Slyke and Neill." Other details are given in the earlier report/"'
Results
Nomenclature for the variables and ranges of the data are given in table 1. In order to compare the performance of the several hypotheses, several analyses have been applied to the data shown in table 2. In Part I, correlation coefficients for oxygen uptake per minute with several indices of cardiac "performance" are given. Part II evaluates the correlation of active oxygen consumption per stroke with the several variables. Part III is a direct, specific test of the role of stroke volCirculaiion Research, Volume XIV, February 1964 ume. Part IV presents a direct test of a corollary to the tension hypothesis in terms of the relation between net myocardial efficiency and stroke volume.
Part I. Indices of Total Oxygen Uptake per Minute
A general model for the estimation of oxygen uptake per minute is:
where the slope (a) and intercept (b) are the parameters to be estimated. This model includes, among others: the blood pressureheart rate index" (n = 0), myocardial tension 4 (n = 0.33), minute force 8 (n = 0.67), and minute work (n = I).
Correlation coefficients provide a direct measure of the relative performance of these special indices. The data are given in table 2. Table 3 shows the mean correlation coefficients (r) and the mean regression coefficients (a, b) for the six animals (heart weights 142, 150, 184, 190, 205, 220 grams) with nine or more determinations. The mean correlation coefficient was largest when n = 0/25 (r = 0.967). The correlation when n = 1 was the lowest of all the indices tested, corroborating previous findings that minute work has a relatively poor correlation with oxygen uptake. Table 3 also shows that the mean values of the regression coefficients (a, b) vary with the value for n.
All correlations with minute oxygen consumption were "statistically significant" (dif- ferent from zero). However, these high correlations were due in significant part to the effects of heart rate and mean arterial pressure. Accordingly this method is neither sensitive nor specific for the special role of V". Table 4 shows the correlation (r), regression coefficient (a), and intercept (b) for each dog, using the model qOo/G -aFPV n -
3S
+ b.
Although not commonly appreciated, the correlation and regression coefficients for active oxygen uptake and the selected indices of cardiac performance per minute, r [qO 2 /G -b, FPV], are not the same numerically nor conceptually as the correlation of the corresponding variables per beat,
qOo/G -b PV
This is because division by a variable, heart rate (F), changes the meaning of the variables. 9 A practical implication is that the correlation coefficients of table 3 are inappropriate and inadequate measures of the several indices as determinants of active oxygen uptake per beat. A specific and direct test is given by the correlation coefficients between
,.
• r and the pressure, tension, force, t and work of a single beat (table 5) . These correlations, viewed as a function of n, have a maximum when n -0.33, significant at the 5% level as shown by the sign test and the sequence sign test x L ' = 4.7. 
According to the tension hyt pothesis," the energy cost of contraction is determined by the maximum tension during a given beat. 4 By assuming the heart to be a sphere with negligible residual volume and with known pressure and volume-time characteristics, 4 the maximum tension of a beat is measured as 413 PV .712
Correlations with active oxygen uptake per beat are with blood pressure when n = 0; with stroke tension when n = 0.33; with stroke force when n = 0.67; and with stroke work when n = 1.00.
Test of hypothesis that the correlation function r = f(n) has a maximum when n = 0.33: (sign test and sequence sign test) x 2 = 4.7, ;) = 0.05. 
Plot of the observed active oxygen uptake per beat (ordinate) against the calculation of tension as a pyo.ss (abscissa). Discussed in text.
in equation 2 were computed from equation 1 with the corresponding value for n. Figure 1 is the calibration curve which corresponds to the tension hypothesis. The ordinate is the observed active oxygen upqO 2 /G-b , , . take per gram per beat--^ ; the abscissa is the expected value from regression equation 2 (aPV 0 -33 ). The coefficients (a) are calculated for each dog, using Snedecor's model IA. 11 The excellent approximation to the line of identity indicates that stroke tension is a good basis for predicting stroke oxygen uptake.
Part I I I . Effect of Stroke Volume
The specific effect of stroke volume on oxygen uptake may be evaluated by the regression equation:
log (qO,/G-b) =log F + log P + n log V + k (3) The estimate for n, (exponent of V in equation 3), is obtainable by a reiterative procedure. dogs is 0.180; mean n is 0.295, with upper and lower 95% confidence limits of + 0.591 and + 0.000. The first approximation was consistent with the hypothesis that n = 0.33. Calculations for n were repeated using b values from equation 1 with n = 0.33 (table 4) . The new approximation for n was essentially the same in magnitude but had better precision and reduced bias. The pooled estimate (74 degrees of freedom) was n = 0.305 ± 0.38. Covariance analysis showed heterogeneity of regression coefficients (between dogs) and heterogeneity of variance. Accordingly, the larger between-dog variance is a more conservative estimate of the "error." The mean n for the individual experiments was 0.364 ± 0.074, with upper and lower 95% confidence limits of 0.553 and 0.175 (table 6 ). This established that the least-squares or maximumlikelihood estimate for n is consistent with the tension hypothesis n = 0.33, but excludes all the counterhypothesis under consideration (P<0.05).
Part IV. Efficiency
Myocardial efficiency (E) is defined as the ratio of mechanical work to active oxygen uptake of the total heart (qO 2 -bG) (table  1) . Mechanical stroke work, the integral of pressure with respect to volume, is approximated by PV. According to the general model . 2) . These results are compatible with the predictions of the tension hypothesis. It may also be noted that efficiency is independent of pressure for all values of n; this effect is illustrated for n = 0.33 ( fig. 3 ).
Comment
The foregoing results may at first appear to contradict other analyses, and, the conclusions and implications are indeed different. For example, Alella et al. 33 concluded on the basis of an extensive analysis of variance (ANOVA) that cardiac output had no effect on oxygen uptake. Since ANOVA makes assumptions of normality, homogeneity of variance, additivity of effects, and linearity, it is insensitive to the non-linear, non-additive effect of volume found here. Furthermore, grouping of data in pressure and volume categories, and variability of heart rate would obscure a curvilinear effect of stroke volume on stroke oxygen consumption. Reanalysis of the type described by Ezekiel and Fox 14 for tables 2 and 7 of Alella et al. 13 indicates that, on the average, oxygen consumption per beat is correlated with stroke volume to an exponent of 0.31. The failure of other investigators to detect this effect of stroke volume may also be attributed to the use of methods insensitive to non-linear effects, grouping of data, failure to separate the effect of "basal" or nonworking oxygen consumption from the "active" or "net" oxygen consumption, and failure to analyze volume output and oxygen consumption on a per beat basis.
Discussion
The foregoing analysis suggests that the active oxygen uptake per beat is best predicted on the basis of the tension hypothesis: Basal Oxygen Consumption. The calculations indicate that approximately 0.025 ml oxygen per gram of heart per minute was utilized for basal processes in this series (table  3) . This value is somewhat less than that reported in our earlier study. 4 The difference may reflect the fact that in the earlier study flows from both coronary arteries, together with that from the Thebesian vessels were included, the work of the right ventricle was assumed to be negligible, and the weight of only the left ventricle was used in the calculations. In the present series, oxygen uptake is calculated from flow in the left coronary artery; right and left heart outputs were equal, and total heart weight was used. These values are comparable in size and variation to values reported by McKeever et al. 1 
"
In the hearts that weighed 142 and 184 g (table 4) basal oxygen uptakes were 0.073 and 0.032 ml oxygen per gram per minute respectively, considerably more than in the other seven dogs. Since the oxygen coefficients of tension development in these two animals did not differ significantly from the average for the other animals, the mechanisms which determine basal oxygen utilization may be independent of those involved in the development of tension.
The present data suggest a geometric basis for the strong correlation between myocardial oxygen uptake and the peak tension developed per beat. This hypothesis is based on the concept that myocardial energetics are determined primarily by the events of systole rather than by the conditions of diastole. Thus, depolarization is considered to serve only to establish the permissive conditions for contraction; a separate mechanism operative during systole determines the recruitment of tension and the number of contractile elements which shorten in a given beat.
Recruitment of Tension. We suggest that after depolarization of the cell, application of a threshold stretching force (tension) to a contractile unit triggers it into the shortened state ( fig. 4 ). This effect may be illustrated in the behavior of the common window shade;
Conception of a means of release of energy in muscular contraction. A resting myocardial element (a) is stretched by a tensile force and thereby triggered (b) to an increase in elastic modulus (c). This increase in elasticity produces tension if the length is held constant (c), or performs work if allowed to shorten (d).
application of a threshold tension elongates the shade slightly and disengages the pawl which holds the shade in its elongated position; the energy stored in the spring then causes shortening of the shade. A somewhat similar action may occur in muscle. Rauh 1B observed that immediately after depolarization, skeletal muscle exhibits a slight elongation prior to the onset of shortening. This "latency relaxation" 17 may represent the elongation associated with the triggering of myofibrils.
At the time of depolarization intraventricular pressure is low, and the myocardial wall is stretched to a slight degree. If, however, one contractile unit, because of its position in the heart, is exposed to a threshold stretching force, it will be triggered to increase its elastic modulus, develop an increased tension, and tend to shorten (fig. 4 ). Shortening will compress and raise the pressure of the ventricular contents. Other parts of the wall are then subjected to an increased stretching force, and the threshold for the triggering of a second contractile element is exceeded ( fig.  5) . A positive feedback mechanism with a progressive recruitment of tension is thus suggested. 0 Other evidence from this laboratory°
The rate of triggering of contractile units, or "mobilization of tension," may account for some "inotropic" aspects of cardiac function. indicates that the rate of rise of the intraventricular pressure increases exponentially with time, at a rate which increases with ventricular volume. 18 As the rising intraventricular pressure exceeds the end-diastolic aortic pressure, ejection begins, the radius shortens and the rate of pressure rise usually slows. 4 ' 19 As a result, the instantaneous product of radius and pressure tends to reach a maximum early in systole at a time when the number of triggered elements is sufficient to protect the remaining elements from being stretched and triggered. The remainder of systole may then represent RODBARD, WILLIAMS, RODBARD, BERGLUND only a "passive" shortening of previously triggered elements. The foregoing considerations suggest that the energy of contraction in a given beat may be a direct function of the number of contractile elements triggered in that beat.
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FIGURE 5
Schematic Representation of Mobilization of Tension. In stage 1 (upper left) a mijocardial chamber cross section (stippled area between the two circles) with an internal radius r is shown. The low pressure distending the walls during diastole is indicated by a small P. The "magnified" block at the right shows five contractile elements in the elongated (resting) state. The stretching force or tension T on the walls, a function of the product Pr, is indicated by the arrows adjacent to the T. In stage 2 (upper right) a single contractile element has been stretched and triggered to increase its elastic modulus; this tends to shorten
The energy required to return the triggered elements to their elongated state determines the quantity of oxygen taken up during the succeeding diastole. Elements not participating in the contraction remain at rest and require no energy input. While contraction of a given element may be all-or-none, only a portion of the contractile elements of the myocardium shortens during a given beat. This approach can account not only for the high correlation between tension and oxygen uptake, but also for the intrinsic capacity of the myocardium to adapt its energy release to the load, up to a limit at which all contractile elements are triggered.
Geometry of Contraction. If shortening of a single contractile element of the heart stretches and triggers the elements attached to its ends, a coherent chain of such elements encircling the heart will become involved in a given contraction. Myocardial strands are known to be arranged in great circles around the lumen of the cardiac chamber. 20 ' 21 Since each contractile element is of uniform length, 22 the number of such elements in a great circle must increase with the size of the heart.
Effective compression of the ventricular contents requires the contraction of all of the muscular elements in a coherent shell enclosing the stroke volume. Oxygen cost will therefore increase with the number of contractile elements in a shell, which in the normal (nonhypertrophied) myocardium can be expected to be related to heart weight. Weight (G) in equation 1 may therefore be viewed as having the dimensions of area (of the shell) in the calculation of the oxygen cost of tension development. Consideration of the heart weight as an area also permits the conversion of the units of myocardial tension to the dimensions of work, i.e., TG = (dynes/cm) cm 2 = dyne cm.
The tension developed in a given beat would be proportional to the number of shells triggered. The product of the number of contractile elements in an average shell (proportional to G) and the number of shells triggered (proportional to T) would then be related to the active cardiac oxygen uptake per beat.
Efficiency. Three factors contribute to myocardial efficiency: resting metabolism (bG), the efficacy (a) of conversion of aerobic metabolic energy into tension, and the geometric arrangement of the contractile elements.
Since myocardial oxygen uptake per minute may be translated into caloric equivalents and expressed as work, i.e., dyne cm/min, the efficiency of the cardiac pump may be evaluated as the ratio: FPV/(qO- 2 -bG) .
At a respiratory quotient of unity, each liter of oxygen can release about five calories, or 2 X 10 s dyne centimeters. Efficiency is maximal when basal requirements are small and the efficacy of conversion of metabolic energy to tension is maximal. Of the total energy released in the oxidation of glucose to carbon dioxide and water, only 40% appears as high energy phosphate which is utilized in the contractile mechanisms. Efficiency can therefore be no greater than about 40%. The supplementary contribution of anaerobic metabolism cannot be estimated from the present data.
Efficiency of a Contracting Sphere. If tension and oxygen uptake increase with the cube root of the stroke volume, while work increases directly with stroke volume, myocardial efficiency will increase with the twothirds power of the stroke volume ( fig. 2) . By contrast, mechanical efficiency is unaffected by the pressure load ( fig. 3 ). These relationships are consistent with the fact that in terms of oxygen uptake, volume work is much less costly than pressure work.
As noted previously, the foregoing calculations assume that the entire contents of the ventricle are ejected in each beat and that the estimate of radius corresponds to stroke volume. A very large residual volume in each beat will increase tension and the oxygen requirement, with a proportional decrease in efficiency. Such a geometrical factor may play Circulation Research, Volume XIV, February 1964 a significant role in the mechanism of myocardial and coronary insufficiency often seen in the excessively distended heart.
Heart Rate. High correlations between oxygen consumption per minute and heart rate have been found by many workers. This finding deserves analysis to determine if it results from a specific effect of cardiac frequency on the oxygen requirement per beat.
Since the points for various heart rates in figure 1 fall randomly about the line of regression, the oxygen uptake per beat appears to be unaffected by heart rate. If oxygen uptake per beat is independent of heart rate, the duration of systole (which is inversely correlated with heart rate) also will have no effect on oxygen uptake. This fact contradicts the hypothesis 23 that the duration of systole is a primary determinant of oxygen uptake. As noted above, minute oxygen uptake increases with heart rate, but this effect is apparently determined by the number of beats rather than by some effect of the duration of a given cycle or of any of its parts.
The foregoing analysis also suggests that efficiency per beat is independent of cardiac rate. This would appear to be a contradiction of clinical experience that cardiac function deteriorates in severe and prolonged tachycardia. In rapid heart rates, however, stroke volume tends to decline. Thus, the reduced efficiency per beat in tachycardia may be determined by the reduced stroke volume rather than by the increased heart rate per se.
Diastole vs. Systole in Cardiac Energetics. Numerous papers 2i 3 ' '• 23 have dealt with the role of ventricular end-diastolic pressure and volume as primary factors in the determination of pressure, work, myocardial oxygen uptake, and coronary flow. The present analysis suggests that the primary determinant may be the tension developed during systole, while end-diastolic pressures and volumes play no direct role. The high correlations of end-diastolic volumes and pressures with the parameters associated with the energetics of the heart are thus viewed as due to a coincidental similarity of the volumes at end-diastole and early in systole.
In the absence of significant mitral regurgi-tation, early systolic volume determines the radius of the ventricle and the pressure at the time of peak tension; the resulting tension determines the quantity of energy released during the contraction and the resulting oxygen uptake and coronary flow. The work during such a beat is modified by the pressure/ volume characteristics of the systolic ventricle and its communicating vessels, and by the peripheral vascular resistance. A mechanical and mathematical analysis of relationships among these variables which appear to control the energetics of the heart is in preparation for publication.
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Coronary Flow. Rearrangement of the tension indicates that the coronary blood flow (q) is a function of the tension developed by the heart and of the arteriovenous oxygen difference:
aFT + b .
q = -o,-
G (3)
Since the arteriovenous oxygen difference is large and relatively constant, coronary vascular resistance tends to be maximal. The fraction of the cardiac output required for delivery of the myocardial oxygen requirement is thus held at a minimum. An increase in arterial pressure load would increase the tension on the myocardium, as well as the need for oxygen. However, the higher perfusion pressure would increase the coronary flow in a concordant manner so that no change in coronary vasomotion would necessarily be involved. Increases in either heart rate or stroke output or both would also increase myocardial tension and oxygen requirements per minute, but the perfusion pressure would not necessarily be affected; in such instances, an increased flow requires an active coronary vasodilatation.
Summary
Data obtained in 94 tests in nine anesthetized, thoracotomized dogs were re-examined to determine relationships among oxygen uptake per minute (qO>), cardiac frequency (F), mean aortic pressure (P), stroke volume (V), and heart weight (G).
Statistical analysis supports the concept that during each systole qO 2 /G is empirically related most closely to the peak mechanical tension (T) developed by a spherical heart, in accord with the relationship ---" = aT, in which a and b are derived constants for each heart. Peak tension is half the product of the mean pressure and the radius (estimated from the stroke volume). Myocardial oxygen uptake is viewed as developing through a mechanical positive feedback mechanism which triggers the shortening of contractile elements. The number of such elements triggered in each beat determines the peak tension, the oxygen requirement of that beat, the resulting energy release, and the work. The oxygen costs of tension increase with the size of the heart since tension must be applied throughout the entire surface of each shell of contractile elements. Mechanical efficiency varies with the square of the stroke radius; it is not directly affected by mean aortic pressure or cardiac frequency. Factors affecting the all-or-none phenomenon, mobilization of tension, myocardial efficiency, the law of the heart, myocardial oxygen uptake, and the coronary flow are discussed in light of these findings.
